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Abstract: Low-scale gaugino mediation predicts that gauginos are significantly heavier than
scalar superpartners. In order of increasing mass the lightest superpartners are the gravitino,
right-handed sleptons and left-handed sleptons (no light neutralino!). This implies that squark
decay chains pass through one or more sleptons and typical final states from squark and gluino
production at the LHC include multiple leptons. In addition, left-handed staus have large
branching fractions into right-handed staus and the Higgs. As an example, we compute
the spectrum of low-scale deconstructed gaugino mediation. In this model gauginos acquire
masses at tree level at 5 TeV while scalar masses are generated radiatively from the gaugino
masses.
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1. Introduction
The LHC will soon start collecting data and much effort will be devoted to searching for
supersymmetry. The search strategies depend on the superpartner spectrum. Given the
multitude of soft supersymmetry-breaking parameters one turns to models for guidance on
which spectra are reasonable possibilites. In this paper, we compute the spectrum of low-scale
gaugino mediation, a model which is obtained as a limit of gaugino mediation [1] and which
predicts that scalar superpartners are much lighter than gauginos. As we will show, this leads
to some interesting new collider signatures.
What is unusual about the spectrum of low-scale gaugino mediation is that both left-
and right-handed sleptons are lighter than all other superpartners except the gravitino. As
a consequence, all superpartner decay chains pass through one or two sleptons, leading to
multiple leptons in final states. For example, a pair of squarks produced at the LHC decays
into 2 jets and 5 leptons (not counting τ leptons or neutrinos) about 1% of the time. In
addition, we expect two heavy charged tracks from the right-handed sleptons which, for most
of parameter space, pass through the detector without decaying. This is quite different from
gaugino mediation at high scales [2] where typically the Bino is the Lightest Supersymmetric
Particle (LSP). A similar phenomenology occurs in gauge mediation [3] with light right-
handed sleptons except that low-scale gaugino mediation predicts even more leptons in decay
chains from the additional light left-handed sleptons. Another interesting feature of our
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spectrum is that the left-handed stau decays to the right-handed stau and a Higgs with large
branching fraction. Since these events are easily distinguished from QCD backgrounds by the
stable charged tracks and leptons one would be able to discover the Higgs rather easily in the
bb channel.
Gaugino mediation arises when supersymmetry breaking generates gaugino masses with-
out simultaneously generating significant scalar masses at the “messenger scale” [1]. The
scalar masses are then obtained radiatively from the gaugino masses. These radiative contri-
butions can be divided into threshold effects at the messenger and the gaugino mass scales,
and the logarithmic running between these two scales. In most other models, the logarithms
are large so that scalar masses can catch up to gaugino masses and threshold effects are sub-
dominant. The distinctive feature of low-scale gaugino mediation is that the messenger scale
is near the superpartner masses scale ∼ TeV so that the logarithm is small. As a consequence,
scalar masses remain significantly smaller than gaugino masses and one needs to include both
high- and low-scale threshold effects to reliably compute the scalar masses. While the low-
scale threshold effects only depend on the MSSM spectrum and can be computed without any
further assumptions, the high-scale threshold effects depend on model-dependent messenger
physics.
As an illustration, we construct an explicit model of low-scale gaugino mediation based
on “deconstructed gaugino mediation” [4, 5]. In deconstructed gaugino mediation, each gauge
group of the minimal supersymmetric standard model (MSSM) is the diagonal subgroup of
two gauge groups GA and GB in the ultraviolet. The breaking to the diagonal is accomplished
by a vacuum expectation value 〈Φ〉 ∼ 5 TeV of a bi-fundamental link field Φ. If one further
assumes that supersymmetry breaking only couples to GB whereas the MSSM matter fields
are only charged under GA, then negligibly small scalar masses result at high scales. Once the
gauge groups GA and GB break to the diagonal, the MSSM gauginos obtain a tree-level mass.
At the same threshold the MSSM scalars obtain a much smaller mass from loops involving
the gauginos and link fields. Thus in this model the unspecified “messenger physics” of the
previous paragraph is realized with heavy gauge bosons, gauginos and link fields.
In Section 3 we explicitly compute the leading contributions to the gaugino and scalar
masses in our model. While all MSSM matter superpartners obtain positive masses squared
we find that the Hu Higgs field has a negative mass-squared due to a top-stop-gluino 2-
loop diagram which is enhanced by color factors and large coupling constants. Electroweak
symmetry breaks naturally because of this negative mass-squared. We also find that the
product group structure provides additional D-terms which enhance the Higgs mass [6].
Using our calculation for the soft masses we determine the spectrum of superpartners and
initiate a phenomenological study in Section 4. We find large branching fractions to leptons at
the LHC, very mild limits on parameter space from precision electroweak measurements, and
some contraints on the gravitino mass from cosmological considerations. In Sec. 5, we point
to outstanding questions and discuss possible extensions of our work. Appendix A contains
the details of our spectrum computations.
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2. A model of low-scale gaugino mediation
Our model consists of the gauge group SU(3)× SU(2)× U(1) with the usual MSSM matter
content and Higgs fields. For brevity of notation, we will often think of this gauge group as
a subgroup of an SU(5) which we call SU(5)A. This allows us to specify the matter content
of the model in terms of multiplets of SU(5)A.
The model also contains an SU(5)B gauge group and adjoint chiral superfield A of
SU(5)B . There is also a pair of bi-fundamental “link fields” Φ and Φ¯. Φ transforms as
a fundamental under SU(5)A and an antifundamental under SU(5)B , while Φ¯ is an anti-
fundamental under SU(5)A and a fundamental under SU(5)B . Finally, we require a gauged
U(1)B symmetry under which Φ and Φ¯ carry opposite charges, and a gauge singlet chiral
superfield S. The field content and representations are summarized in the following table:
SU(3)×SU(2)×U(1) ⊂ SU(5)A SU(5)B × U(1)B
Q,U,D,L,E,Hu,Hd as in MSSM 1
Φ 5 5
Φ¯ 5 5
A+ S 1 24+ 1
(2.1)
In addition to the MSSM superpotential, our model has the following superpotential
W = λAAΦΦ¯ + λSS(ΦΦ¯− Λ2) , (2.2)
where λA and λS are coupling constants of order unity.
1 At the scale Λ, which we take to be
∼ 5 TeV,2 the link fields obtain vacuum expectation values (VEVs)
〈Φ〉 = 〈Φ¯〉 ≡ f 1 , (2.3)
breaking the SU(5)A×SU(5)B symmetry to the diagonal subgroup. Ignoring supersymmetry
breaking, the VEV is given by f = Λ. The super Higgs mechanism gives mass to a linear
combination of the A and B gauge multiplets, so that only the “diagonal” SU(3)× SU(2)×
U(1) gauge bosons remain light. The corresponding gauge couplings are related to the gauge
couplings of the unbroken theory by
1
g2i
=
1
g2Ai
+
1
g2B
, (2.4)
1We have chosen the couplings λA and λS to be SU(5)A symmetric. The fact that not the full SU(5)A
group is gauged will lead to splittings of the λ′s due to renormalization. However, the effect of these splittings
on the superpartner mass spectrum in our model is only logarithmic and numerically not very significant. We
will ignore these effects throughout.
2Requiring this scale to be close to the superpartner mass scale represents a tuning. A spectrum similar
to ours is obtained if the symmetry breaking VEVs of the link fields are induced by negative soft masses for
these fields, thereby dynamically linking the scale of superpartner masses to the scale of the link field VEVs.
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where i = 1, 2, 3 labels the groups U(1), SU(2), SU(3), respectively. It will also be convenient
to define the mixing angles θi by the functions
si ≡ sin θi = gAi√
g2Ai + g
2
B
, ci ≡ cos θi = gB√
g2Ai + g
2
B
. (2.5)
The gauge bosons with masses of order f fill out an adjoint of SU(5)diagonal. Ignoring super-
symmetry and electroweak symmetry breaking, their masses are given by
M2i = 2f
2(g2B + g
2
Ai) ,
M2X,Y = 2f
2(g2B) . (2.6)
All chiral superfields A,S,Φ, Φ¯ obtain masses. The linear combination Φ+ = (Φ + Φ¯)/
√
2
obtains a Dirac mass λf with A+ S from the superpotential Eq. (2.2), and the combination
Φ− = (Φ− Φ¯)/
√
2 is “eaten” by the super Higgs mechanism.
The MSSM matter fields inherit couplings to the light MSSM gauge bosons from their
couplings to the A gauge fields. They also have couplings to the heavy gauge multiplets which
we will discuss further when we examine precision electroweak constraints in Section 4.
Let us now turn to discuss supersymmetry breaking. We assume that supersymmetry
breaking only couples to the SU(5)B gauge fields and any fields charged under SU(5)B .
There are several ways to achieve this scenario. For example, we could have gauge mediation
with messengers charged under SU(5)B but not under SU(5)A. Alternatively, one could
have separation of A and B fields in extra dimensions with supersymmetry breaking being
localized near SU(5)B . We will take a phenomenological approach and introduce independent
arbitrary soft masses mB for the SU(5)B gauginos and a common soft mass squared m
2
Φ for
the link fields. Soft masses for the adjoint A and the singlet S will not be relevant for our
analysis. The MSSM matter fields and A gauginos also obtain small masses at two loops
from diagrams involving both the A and B gauge interactions. However, these masses are
negligible compared to the masses which we are about to compute from physics at and below
the symmetry-breaking scale f .
After the link fields develop their vacuum expectation values, the gauginos of the A and
B gauge groups mix and the supersymmetry-breaking gaugino mass mB contributes to both
mass eigenstates. More precisely, there are three two-component adjoint fermions for each
MSSM gauge generator (the two gauginos and the “eaten” fermion from Φ−) which mix via
a 3× 3 mass matrix
Ωi =

 0 0 gAi
√
2f
0 mB −gB
√
2f
gAi
√
2f −gB
√
2f 0

 =Mi

 0 0 si0 mB/Mi −ci
si −ci 0

 . (2.7)
In the limit of small supersymmetry breaking (mB ≪Mi) the light gaugino mass eigenstates
are the superpartners of the MSSM gauge bosons with masses given by
mi ≃ s2i mB = g2i
mB
g2B
. (2.8)
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Note this implies the usual gaugino mass ratios of unification or of gauge mediation.
The MSSM scalars obtain their supersymmetry-breaking masses from one-loop diagrams
feeding off the gaugino masses and also off the soft mass, mΦ, of the heavy scalar in Φ−. We
expect these masses to be of the order of
m2q ∼
g2i
16π2
m2i ,
g2i
16π2
m2Φ . (2.9)
Note that there is also a logarithm corresponding to the usual MSSM running of the scalar
masses. In our model this log is cut off at the mass of the heavy gauge bosons ∼Mi so that
the log-enhanced contributions are not much larger than the log-less threshold contributions.
We discuss details of the computation in the next Section.
From Eq. (2.9), the scalar masses are expected to be smaller than gaugino masses by a
factor of 4π. However, once we include color factors and the logarithm this factor is reduced
to “a few”. Still, scalar superpartners are significantly lighter than gauginos. In addition,
colored superpartners are heavier than non-colored ones.
The free parameters of our model which are relevant to the superpartner mass spectrum
are the symmetry-breaking scale f which sets the scale of the heavy gauge multiplets, the
soft terms mB and m
2
Φ, the gauge coupling gB or equivalently the ratio of gauge couplings
gA3/gB ≡ s3/c3, as well as µ and Bµ. As is customary, we will trade the parameters µ and
Bµ for the Higgs VEV v = 246 GeV and tan β. Then the parameter space of the model is
f , mB , m
2
Φ , s3/c3 , tan β . (2.10)
3. MSSM spectrum
The MSSM gauginos correspond to the lightest eigenstates of the mass matrix (2.7). Their
masses arise at tree-level from the mixing of the SU(5)A and SU(5)B gauginos. If the
supersymmetry-breaking soft masses are small compared to the masses of the SU(5) gauge
multiplets then the gauginos satisfy the usual GUT relations
m3
α3
=
m2
α2
=
m1
α1
=
mB
αB
. (3.1)
The MSSM scalar masses in our model are generated from one-loop diagrams involv-
ing the gauge multiplets and the link fields, see Fig. 1. In the supersymmetric limit the
contributions to scalar masses from all five diagrams must cancel. Including the soft super-
symmetry breaking in the gaugino masses mB and the link field masses m
2
Φ one obtains finite
scalar masses. To understand that contributions to scalar masses are not ultraviolet (UV)
divergent note that in the UV the MSSM fields only couple to the A gauginos, which do
not have supersymmetry breaking masses. In order to couple to supersymmetry breaking,
any one-loop diagram must involve at least two insertions of the mass scale f in addition to
the soft supersymmetry-breaking masses, mB or m
2
Φ. Power counting then tells us that this
contribution is UV finite.
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Figure 1: One-loop diagrams contributing to the MSSM soft scalar masses. Dashed, solid and
wavy-solid lines denote scalar, matter fermion and gaugino propagators, respectively. The dotted line
represents the real part of the scalar in the link field Φ
−
.
Figure 2: One-loop diagrams giving a contribution to the MSSM soft scalar masses proportional to
supersymmetry breaking.
To compute the MSSM scalar masses, we can explore the fact that the diagrams in Fig. 1
cancel against each other in the supersymmetric limit. This allows us to focus only on the two
diagrams in Fig. 2 and extract the contributions proportional to supersymmetry breaking. In
practice, we compute the two diagrams in Fig. 2 and subtract the value of the diagrams with
supersymmetry breaking set to zero.
The gaugino diagram in Fig. 2 with gauginos corresponding to the i-th MSSM gauge
group and masses Ωi (minus the diagram with supersymmetry preserving gaugino masses Ωˆi,
defined as in (2.7) but with mB = 0) gives the scalar mass contribution
δm2i
∣∣
gaugino
= −i2g2AiC2(Ri)
[∫
d4k
(2π)4
2k2
k2(k2 −Ω2i )
−
∫
d4k
(2π)4
2k2
k2(k2 − Ωˆ2i )
]
11
. (3.2)
Here the Casimirs C2(Ri) depend on the representations Ri of the scalars in question, we give
their values below. The 2k2 in the numerator comes from a trace over 2-component spinor
indices and we have ignored the standard model fermion mass in the propagator. The gaugino
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propagators are 3×3 matrices due to the mass mixing in Ωi. The MSSM fermions only couple
to the A gauginos, thus we really only need the 1− 1 component of the gaugino propagator.
Alternatively, we can compute the diagram with the full 3× 3 gaugino propagator. Then we
obtain a 3× 3 matrix as the value of the diagram, and we project onto the 1− 1 component
at the end of the calculation. This is the approach we followed in writing Eq. (3.2), where the
notation [· · ·]11 stands for the 1-1 component of the matrix in square brackets. More details
about this calculation are given in the Appendix.
In addition to the gaugino diagram there is also the scalar loop in Fig. 2. The vertices of
this diagram originate from the D-terms of the A gauge groups after inserting the symmetry-
breaking VEV f . The Feynman rule for this vertex is −i√2g2Aif T a = −igAisiMiT a where
T a is a gauge generator in the fundamental representation. Again, subtracting the supersym-
metry preserving diagram, the scalar diagram gives
δm2i
∣∣
scalar
= ig2AiC2(Ri)s
2
iM
2
i
∫
d4k
(2π)4
(
1
k2
1
k2 − (M2i + 2m2Φ)
− 1
k2
1
k2 −M2i
)
, (3.3)
where M2i +2m
2
Φ is the mass squared of the real part of link field component Φ− which runs
in the loop.
Evaluating the loop integrals in dimensional regularization we obtain for the sum of
Eqs. (3.2) and (3.3)
δm2i = C2(Ri)
(
− g
2
Ai
4π2
[
Ω2i log
Ω2i
M2i
]
11
+
g2i
16π2
s2i
c2i
M2i log
M2i + 2m
2
Φ
M2i
)
≡ C2(Ri)Ki . (3.4)
In the limit of small supersymmetry breaking both terms can be expanded in powers of
supersymmetry breaking over the heavy gauge boson masses. We find
Ki ≃ g
2
i
4π2
(
m2i
[
log
(
M2i
m2i
)
− 1 + 1
2
c2i
s2i
]
+m2Φ
[
1
2
s2i
c2i
])
. (3.5)
To get the full one-loop MSSM scalar soft masses we must sum over contributions corre-
sponding to the different gauge quantum numbers. The Casimir C2 for an SU(N) fundamental
is (N2 − 1)/2N , whereas for the U(1) it is 3/5 times the hypercharge squared. Then
m2Q =
4
3
K3 +
3
4
K2 +
1
60
K1,
m2U =
4
3
K3 +
4
15
K1,
m2D =
4
3
K3 +
1
15
K1,
m2L =
3
4
K2 +
3
20
K1,
m2E =
3
5
K1,
m2Hu = m
2
Hd
=
3
4
K2 +
3
20
K1 . (3.6)
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Since the Higgs soft masses squared are positive it seems that our model might not break
electroweak symmetry. However, because of the large top-Yukawa coupling and because
m3 > m2, the negative two-loop stop-gluino contribution to the Hu soft mass dominates over
the one-loop wino and bino contributions computed above. Our two-loop computation is
summarized in Appendix A and gives
m2Hu
∣∣
2–loop
=
g2A3λ
2
t
16π4
([
Ω23 log
2 Ω
2
3
M23
]
11
+ 2
(
log
M23
m2
t˜
+ 1
)[
Ω23 log
Ω23
M23
]
11
− 1
2
s23M
2
3 log
(
1 +
2m2Φ
M23
)(
1
2
log
(
1 +
2m2Φ
M23
)
+ log
M23
m2
t˜
+ 1
))
≃ − g
2
3λ
2
t
16π4
m23
[
log2
M23
m23
+
c23
s23
log
M23
m23
− 2 + 2 log m
2
3
m2
t˜
(
log
M23
m23
−1+1
2
c23
s23
)]
− g
2
3λ
2
t
16π4
m2Φ
[
s23
c23
(
log
M23
m2
t˜
+ 1
)]
, (3.7)
where the second equality holds in the limit of small supersymmetry breaking.
Numerically, the absolute value of this contribution is larger than the 1-loop result
m2Hu
∣∣
1–loop
=
3
4
K2 +
3
20
K1
≃ g
2
2
16π2
[
3m22
(
log
M22
m22
− 1 + 1
2
c22
s22
)
+
3
2
s22
c22
m2Φ
]
+
3
5
g21
16π2
[
m21
(
log
M21
m21
− 1 + 1
2
c21
s21
)
+
1
2
s21
c21
m2Φ
]
, (3.8)
so that the full soft mass for Hu is negative, which allows for electroweak symmetry breaking.
Gaugino loops also give rise to A-terms which can be significant for the third generation.
They can be written in terms of the matrix elements
Li =
g2Ai
4π2
[
Ωi log
Ω2i
M2i
]
11
, (3.9)
and we find
At = λt
(
4
3
L3 +
3
4
L2 +
13
60
L1
)
(3.10)
≃ −λt
16π2
[
32
3
g23m3
(
log
M3
m3
− 1
2
)
+ 6g22m2
(
log
M2
m2
− 1
2
)
+
26
15
g21m1
(
log
M1
m1
− 1
2
)]
,
Ab = λb
(
4
3
L3 +
3
4
L2 +
7
60
L1
)
(3.11)
≃ −λb
16π2
[
32
3
g23m3
(
log
M3
m3
− 1
2
)
+ 6g22m2
(
log
M2
m2
− 1
2
)
+
14
15
g21m1
(
log
M1
m1
− 1
2
)]
,
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Aτ = λτ
(
3
4
L2 +
9
20
L1
)
(3.12)
≃ −λτ
16π2
[
6g22m2
(
log
M2
m2
− 1
2
)
+
18
5
g21m1
(
log
M1
m1
− 1
2
)]
.
The Higgs mass in this model gets a new small contribution which is absent in the MSSM.
It stems from the D-terms of the heavy gauge bosons which do not completely decouple if
there is supersymmetry breaking. By integrating out the heavy link scalar field at tree level
we derive that the usual MSSM D-terms for the Higgs doublets are modified to
VD =
g22(1 + ∆2)
8
∣∣∣H†uσaHu +H†dσaHd∣∣∣2 + 35g21(1 + ∆1)8
∣∣∣H†uHu −H†dHd∣∣∣2 , (3.13)
where σa are the Pauli matrices, and the ∆i are given by
∆i =
s2i
c2i
2m2Φ
M2i + 2m
2
Φ
. (3.14)
These corrections are positive when the link field soft mass is positive and negative otherwise.
They vanish in the limitm2Φ → 0 as they should by supersymmetry. For our example spectrum
these corrections turn out to be small and increase the Higgs mass by only 1%.
More significant is the usual top-stop loop correction to the Higgs potential which is large
in this model because we have heavy stops
∆(m2h0) =
3
4π2
cos2αλ2tm
2
t log
m2
t˜
m2t
, (3.15)
where α is the angle which diagonalizes the Higgs mass matrix, it becomes identical to β in
the decoupling limit, see Ref. [7]. With this large correction, we generically find a Higgs mass
above the LEP bound.
To determine the superpartner mass spectrum using the soft masses computed above we
use the tree-level formulas summarized in Ref. [7]. Table 1 gives an example spectrum. It
is clear that gauginos are heavier than scalars and that colored particles are heavier than
non-colored ones. Note that even the left-handed sleptons are lighter than any charginos
or neutralinos. Throughout parameter space, we expect the gravitino to be the LSP and a
right-handed slepton is the Next-to-LSP (NLSP).
4. Phenomenology
4.1 Leptons galore at the LHC
The most significant feature of our spectrum with regards to collider signatures is that all
sleptons are light. Since the NLSP is a right-handed slepton all decay chains end with the
production of a lepton which carries the opposite lepton number of the NLSP. Depending on
the scale of primordial supersymmetry breaking, the NLSP may either be sufficiently long
– 9 –
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Figure 3: Cross section for squark pair production as a function of squark mass, and cross section
times branching fraction for a number of interesting final states with multi-leptons or Higgses. In this
plot, we uniformly rescale superpartner masses compared to those in Table 1. The squark mass of
920 GeV corresponds to the spectrum in Table 1. Note that each final state also includes at least two
jets and two stable charged tracks. The initial LHC annual integrated luminosity is expected to be
10 fb−1 and eventually reach 100 fb−1. Thus a cross section of 10−3 pb produces 10 events per year
already at low luminosity which is sufficient for a discovery in background free channels.
lived to escape the detectors without decaying or else decay within the detector and lead
to displaced vertices. For simplicity of discussion, we will assume that the NLSP is long-
lived and appears as a stable charged track, then there is no significant missing energy. This
is familiar from gauge mediation and gaugino mediation models in which the right-handed
sleptons are lighter than the Bino.
What is different in our model is that the left-handed sleptons are also lighter than all
neutralinos and charginos3 and therefore many decay chains also pass through the left-handed
sleptons. This leads to the production of additional leptons. Thus a typical signal for squark
pair production at the LHC is not jets and missing energy but instead production of two jets,
several leptons, a pair of heavy charged tracks with no significant missing energy.
Consider the decay of a left-handed up-type squark. A possible decay chain is
u˜L−−→55% dLW˜+−−→20% dLl+L ν˜−−→66% dLl+Lνl±R l˜∓R ,
where lL and lR stand for left- and right-handed leptons, respectively. For this simple phe-
nomenological study we only included muons and electrons in the lepton count. Thus we
have two charged leptons, a stable charged track from the slepton, one jet and some missing
3This may also occur when there are large negative D-term contributions to left-handed sleptons [8].
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energy from the neutrino. The total branching fraction for this decay chain is approximately
7%. Even more striking is the decay into 3 leptons which occurs with a branching fraction of
about 3% via
u˜L−−→28% uLW˜ 0−−→20% uLl±L l˜∓L−−→55% uLl±L l∓L (l±R l˜∓R) ,
where the parenthesis have been added to indicate the correlation of the signs of the charges.
For example, a pair of squarks decays into 4 leptons, 2 jets, and 2 stable charged tracks via
the above (and similar) decay chains with a branching fraction of 4%, or into 5 leptons, 2 jets
and 2 stable charged tracks with a branching fraction of 1%. Both final states are background
free and very easy to trigger on.
So far we have ignored the fate of the right-handed sleptons in the final state. For the
parameter values chosen in our example point, smuons and selectrons can decay to staus via
l˜R → lRτ±R τ˜∓R . This decay has a long lifetime and might lead to displaced vertices. However,
we expect it to be rather difficult to observe because the lepton and τ produced in the decay
are very soft, and the charged track will barely display a kink. For a detailed study see [9, 10].
In Figure 3 we display the cross section at the LHC for production of squark pairs as
a function of the masses of the squarks. The lower curves show the expected cross section
times branching ratios into particular final states using decay chains similar to the ones
shown above. This plot may be used to estimate the expected reach in squark masses for any
particular channel. For example, for final states with negligible standard model background
(such as ≥ 3 lepton final states) one would look for the mass at which the cross section times
integrated luminosity drops below a few events.
Another interesting consequence of the fact that left-handed and right-handed sleptons
are at the bottom of the sparticle spectrum is that left-handed slepton decays into Higgs
bosons and right-handed sleptons become competitive even though they are Yukawa coupling
suppressed. In fact, we find that left-handed staus decay into Higgses 42% of the time,
and even left-handed smuons decay into Higgses when there is enough phase space. For our
example point, the µ˜L → hµ˜R phase space is so small that radiative corrections (which we did
not calculate) will determine whether this channel is open (and dominant). For the purposes
of the decay chains above we assumed that this decay is closed. Obviously, the decays into
Higgses would be very interesting as they would provide an easy discovery channel for the
Higgs. Every such event would be accompanied with stable charged tracks and leptons for
easy triggering so that Higgs decay into bottom pairs should be observable.
4.2 Precision electroweak constraints
Our model has an extended gauge sector that includes heavy W ′ and Z ′ gauge bosons. These
bosons mediate interactions which contribute to the precision electroweak observables, and
therefore there is a lower bound on their masses. The link fields contain an SU(2) triplet
field which couples to the Higgs bosons and affects the ρ parameter. It is straightforward to
integrate out the W ′ and Z ′ bosons as well as the scalar triplet at tree level to obtain an
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effective description with higher dimensional operators. The constraints from experiments on
the coefficients of these operators have been determined in Ref. [11]. The most important
contributions of the heavy gauge bosons are to four-fermion operators and operators that are
products of fermion and Higgs currents. Additionally, the Z ′ and the triplet contribute to
custodial symmetry violation. In the notation of Ref. [11] the coefficients of the dimension
six operators are
ah =
(
5
3
)
1
4
g4Y
f2g4B
− 2f
2g4A2
M4φ
cos2(2β), ashψ =
(
5
3
)
1
4
Yψ
g4Y
f2g4B
,
asψψ′ =
(
5
3
)
1
2
YψY
′
ψ
g4Y
f2g4B
, atψψ′ = −
1
8
g42
f2g4B
, athψ =
1
8
g42
f2g4B
,
where Yψ is the hypercharge of fermion ψ and the factors of
5
3
come from converting SU(5)
normalized hypercharge couplings to SM normalization. The triplet contribution is propor-
tional to cos2(2β), where M2φ = 2f
2(g2A2 + g
2
B) + 2m
2
Φ is the mass of the scalar triplet.
Note that the operator coefficients induced by the heavy gauge bosons depend on the free
parameters of our model only in the combination f2g4B . The contribution from the link field
triplet field is more complicated as it depends on the soft mass of the link field and tan β.
We could find a simultaneous bound on the contributions of the gauge bosons and the
scalar triplet, but to be conservative we provide independent bounds on the two contributions
(which partially cancel). We neglect the triplet contribution when constraining the gauge
bosons and conversely neglect gauge bosons when constraining the triplet. At 3σ confidence
level we obtain the bounds fg2B ≥ 1.8 TeV and M2Φ/(fg2A2) ≥ 7.8 TeV assuming cos(2β) ≈ 1.
These bounds are not very stringent given the mass scales of interest to us. For the spectrum in
Table 1, the heavy gauge bosons and the triplet fields are much heavier then the corresponding
electroweak constraints (fg2B ≃ 14 TeV and M2Φ/(fg2A2) ≃ 176 TeV).
4.3 Cosmological constraints
Although a detailed analysis of all the cosmological constraints and aspects of our model is
beyond the scope of the present work, we briefly discuss some of the salient points.
In our model the gravitino is the LSP and a right-handed slepton is the NLSP. If R-parity
is conserved, the LSP is stable and it may be the dark matter.4 The major cosmological
constraints concerning the LSP+NLSP system are: avoiding that the LSP energy density
exceeds the critical density of the universe, and avoiding that the decay products of the
NLSP upset the successful predictions of the Big Bang Nucleosynthesis (BBN) for the light
element abundances.
The requirement that the energy density of thermal gravitinos does not overclose the
universe leads to a bound on the gravitino mass m3/2 . keV [13]. Gravitinos in the keV
range may serve as a warm dark matter component of the universe; for the typical mass
spectra of our model, such a possibility seems to be disfavored by the analysis of Ref. [14],
due to a significant fine-tuning of the reheating temperature and a narrow parameter space.
4The situation for dark matter is very similar to that in gauge mediation. Alternative dark matter can-
didates other than the gravitino in theories with gauge-and gaugino-mediated supersymmetry breaking have
been studied in Ref. [12].
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On the other hand, if m3/2 & keV, for mass
inputs: f 5000
mB 5000
mΦ˜ 5000
tan β 8
gA3/gB 0.8
heavy gauge bosons: M3 15400
M2 12970
M1 12500
gluino: m3 1904
neutralinos: mχ01 232
mχ02 253
mχ03 383
mχ04 706
charginos: mχ±1
243
mχ±2
706
Higgs: mh0 116
mH0 324
mA 324
mH± 334
µ 249√
Bµ 114
sleptons: me˜R 102
me˜L 218
mν˜L 203
squarks: mu˜L 934
mu˜R 914
md˜L 938
md˜R 913
Table 1: An example spectrum of low-scale
gaugino mediation. All masses are in GeV. Note
that the right-handed slepton masses are very
near the LEP bounds. Heavier spectra can be
obtained by scaling up all input masses.
which the gravitino would be a cold dark mat-
ter candidate, some mechanism of large en-
tropy production (e.g. inflation or out-of-eq-
uilibrium decay of a heavy particle) is needed
to dilute the gravitino abundance down to an
acceptable level and to avoid overclosure of
the universe. With such a mechanism at work,
any pre-existing gravitino abundance gets de-
pleted. However, a population of gravitinos is
regenerated in the primordial plasma in two
ways: by thermal scattering, whose effective-
ness increases with the temperature, and by
NLSP decays. Therefore, the energy density
constraint on the total abundance of graviti-
nos puts an upper bound on the temperature
TR at which the dilution mechanism ends and
the ordinary radiation-dominated epoch be-
gins [15]. In the case where inflation is the
main entropy-releasing process in the early
universe, TR corresponds to the reheating tem-
perature.
The BBN constraint mostly concerns the
lifetime of the NLSP, τNLSP. Recent analyses
[16] have shown that successful BBN requires
τNLSP . 5 × 103 s. For the typical masses in
our model, mNLSP ∼ 100 GeV and m3 ∼ 1
TeV, the combination of the overclosure and
BBN constraints translates into upper bounds
on the gravitino mass, m3/2 . 1 GeV, and on
the reheating temperature, TR . 10
7 GeV.
Scenarios where a substantial amount of en-
tropy is produced after inflation by the out-
of-equilibrium decay of a heavy particle, like
e.g. the one in Ref. [17] where the lightest mes-
sengers decay at late times, would allow even
higher reheating temperatures.
5. Future directions
We see several avenues for interesting further work on model building and the phenomenology
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of low-scale gaugino mediation. With regards to phenomenology, it seems clear that these
models offer signatures which should be explored further. In addition to the signatures with
many leptons there are also interesting decays into the relatively light Higgs/Higgsino sector
as well as into the Higgs. Because the NLSP is visible, superpartner masses should be easy to
reconstruct via bumps in invariant mass distributions. Clearly, a more complete and precise
phenomenological study of the different signatures and the reach would be interesting.
The spectrum of low-scale gaugino mediation is similar to the spectrum of the MSSM
with Dirac gaugino masses [18]. It should be possible to distinguish between our Majorana
gaugino masses and Dirac gaugino masses via charge asymmetries between the leptons in
final states. Another model which gives a similar spectrum is low-scale gauge mediation with
a very large number of messengers, where gaugino masses are enhanced relative to scalar
masses by a factor equal to the square root of the number of messengers.
With regards to model building, it would be interesting to do away with the explicit scale
Λ in the superpotential and generate the link field VEVs from a dynamical mechanism tied to
supersymmetry breaking. For example, if the supersymmetry breaking masses for the adjoint
A and the link fields Φ are comparable at very high scales, then renormalization due to the
Yukawa coupling λA will drive the link field soft mass negative and naturally generate a link
field VEV on the order of the soft masses. What makes this scenario less straightforward is
the fact that negative link field soft masses lead to negative contributions to the MSSM scalar
masses as can be seen from (3.5) and to negative contributions to the Higgs quartic coupling
(3.13).
We have focused primarily on the spectrum of low-scale gaugino mediation and allowed
ourselves to choose µ and Bµ to give successful electroweak symmetry breaking. A more
complete model should involve a mechanism for generating µ and Bµ with acceptable size.
Presumably this would involve a modification of the Higgs sector so that Hu and Hd can
couple more directly to supersymmetry breaking. Another issue is gauge coupling unification.
Naively, the contributions of the link fields to the running of the SU(3)×SU(2)×U(1) gauge
couplings preserve unification because they come in complete SU(5) multiplets. However,
they make too large a contribution to the overall running so that the gauge couplings become
large before unifying.
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A. The loop computations
The gaugino contribution to one-loop scalar masses are given by Eq. (3.2) where Ωi and Ωˆi
are matrices. To avoid notational clutter while computing the integral, we drop the index “i”.
We compute the integral involving Ω and Ωˆ separately. First, we diagonalize Ω by writing
Ω = U †DU where U is a unitary matrix and D is diagonal. Then the integral in Eq. (3.2)
may be written as
I[Ω] =
[
U †
∫
d4k
(2π)4
2k2
k2(k2 −D2) U
]
11
. (A.1)
This is easily evaluated in dimensional regularization as D is diagonal. We find
I[Ω] =
−2i
16π2
[
U †D2
(
−1
ǫ¯
− 1 + log D
2
µ2
)
U
]
11
=
−2i
16π2
[
Ω2
(
−1
ǫ¯
− 1 + log Ω
2
µ2
)]
11
. (A.2)
When we subtract the corresponding expression for Ωˆ the divergent terms, the 1, and the
log µ2 terms cancel because the 1-1 elements of Ω2 and Ωˆ2 are identical. Thus we may write
I[Ω]− I[Ωˆ] = −2i
16π2
[
Ω2 log
Ω2
M2
− Ωˆ2 log Ωˆ
2
M2
]
11
, (A.3)
where M is an arbitrary mass scale which we choose equal to the heavy gauge boson mass.
But with M equal to the heavy gauge boson mass, the second term vanishes as can be seen
by diagonalizing Ωˆ2
Ωˆ2 log
Ωˆ2
M2
=M2Uˆ †

 0 0 00 1 0
0 0 1

 log

 0 0 00 1 0
0 0 1

 Uˆ = 0 . (A.4)
Thus we now have
δm2i
∣∣
gaugino
= − g
2
Ai
4π2
C2(Ri)
[
Ω2i log
Ω2i
M2i
]
11
. (A.5)
This may either be evaluated by numerically diagonalizing Ωi or by expanding in small su-
persymmetry breaking. In the latter case we find
g2Ai
[
Ω2i log
Ω2i
M2i
]
11
≃ −g2im2i
(
log
M2i
m2i
− 1 + 1
2
c2i
s2i
)
. (A.6)
The link field scalar contribution is easy to evaluate directly in dimensional regularization.
The result is
δm2i
∣∣
scalar
=
g2i
16π2
s2i
c2i
C2(Ri)M
2
i log
M2i + 2m
2
Φ
M2i
≃ g
2
i
8π2
s2i
c2i
C2(Ri)m
2
Φ . (A.7)
The computation of the A-terms is completely analogous.
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(I) (II) (III)
(IV) (V)
Figure 4: Diagrams contributing to the Higgs self-energy, to order g2λ2
t
. The Higgs field is on the
external legs. Internal dashed, solid and wavy-solid lines denote stop, top and gaugino propagators,
respectively. The dotted line represents the real part of the link field component Φ
−
.
To evaluate the two-loop diagrams contributing the Hu soft mass we proceed similarly.
Again, we compute the diagrams involving supersymmetry breaking and subtract their su-
persymmetry preserving pieces. Also, for simplicity, we only include diagrams proportional
to the largest couplings (λt, gA3) so that our final answer is porportional to λ
2
t g
2
3 .
Special care needs to be taken to avoid infrared divergences from the massless stop prop-
agators in these diagrams. To deal with this IR divergence we add and subtract the stop
mass to the Lagrangian. We treat the added stop mass exactly by working with massive stop
propagators and we treat the subtracted stop mass perturbatively as a mass insertion coun-
terterm. Since the stop mass is already of order g2, we only need to insert this counterterm
in one-loop diagrams to obtain a consistent result to order g2λ2t . Then there are 5 relevant
diagrams to compute, see Fig. 4.
After subtracting the supersymmetry-preserving parts the 5 diagrams can be written as
m2I =
g2A3λ
2
t
16π4
(
2
[
Ω23 log
Ω23
M23
]
11
)
, (A.8)
m2II =
g2A3λ
2
t
16π4
([
Ω23 log
2 Ω
2
3
m2
t˜
− Ωˆ23 log2
Ωˆ23
m2
t˜
]
11
− 2
[
Ω23 log
Ω23
M23
]
11
)
, (A.9)
m2III = −
g23λ
2
t
64π4
s23
c23
M23 log
(
1 +
2m2Φ
M23
)(
log
(
1 +
2m2Φ
M23
)
+ 2 log
M23
m2
t˜
)
, (A.10)
m2IV = −
6λ2t
16π2
m2
t˜
(
1
ǫ¯
− log m
2
t˜
µ2
+ 1
)
, (A.11)
m2V =
6λ2t
16π2
m2
t˜
(
1
ǫ¯
− log m
2
t˜
µ2
)
, (A.12)
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where we have dropped anything that is proportional to [Ω23]11 without any log Ω
2
3 because
it vanishes after subtracting the supersymmetry-preserving pieces. To evaluate the first term
in m2II we write[
Ω23 log
2 Ω
2
3
m2
t˜
− (Ω3 ↔ Ωˆ3)
]
11
=
[
Ω23(log
Ω23
M23
+ log
M23
m2
t˜
)2 − (Ω3 ↔ Ωˆ3)
]
11
(A.13)
=
[
Ω23(log
2 Ω
2
3
M23
+ 2 log
Ω23
M23
log
M23
m2
t˜
)− (Ω3 ↔ Ωˆ3)
]
11
(A.14)
=
[
Ω23 log
2 Ω
2
3
M23
]
11
+ 2 log
M23
m2
t˜
[
Ω23 log
Ω23
M23
]
11
. (A.15)
Adding the 5 diagrams we have
m2Hu
∣∣
2–loop
=
g2A3λ
2
t
16π4
{[
Ω23 log
2 Ω
2
3
M23
]
11
+ 2
(
log
M23
m2
t˜
+ 1
)[
Ω23 log
Ω23
M23
]
11
− 1
2
s23M
2
3 log
(
1 +
2m2Φ
M23
)(
1
2
log
(
1 +
2m2Φ
M23
)
+ log
M23
m2
t˜
+ 1
)}
. (A.16)
It remains to evaluate the matrix elements. As before, we may do this numerically for given
values or analytically by expanding in small supersymmetry breaking. For the latter, we need
g2A3
[
Ω23 log
2 Ω
2
3
M23
]
11
≃ g23m23
(
log2
M23
m23
+
c23
s23
)
(A.17)
g2A3s
2
3
M23
2
log
(
1+
2m2Φ
M23
)
≃ g23
s23
c23
m2Φ , (A.18)
so that the sum of all 5 diagrams becomes
m2Hu
∣∣
2–loop
≃ − g
2
3λ
2
t
16π4
m23
[
log2
M23
m23
+
c23
s23
log
M23
m23
− 2 + 2 log m
2
3
m2
t˜
(
log
M23
m23
−1+1
2
c23
s23
)]
− g
2
3λ
2
t
16π4
m2Φ
[
s23
c23
(
log
M23
m2
t˜
+ 1
)]
. (A.19)
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